ABSTRACT. In adult animals, prolonged 8-agonist exposure leads to down-regulation of 8-adrenergic receptors and desensitization. Prior evidence from our lab suggests that this may not occur in developing animals. To study this, we measured the response to graded epinephrine infusion I2.7, 5.5, 13.6, 27.3 pmol/(kg.min), (0.5, 1.0, 2.5, 5.0 pg/ (kg. min)], myocardial 8-agonist receptor density, and components of the receptor-cyclase system in newborn lambs before (n = 6) and after (n = 5) 3 d of continuous isoproterenol administration (2 pg/kg/min). 8-Adrenergic receptors were measured by radioligand binding. Epinephrine dose-response curves were analyzed for the threshold and slope for changes in mean blood pressure, systolic blood pressure, and heart rate versus plasma epinephrine levels. Despite 3 d of continuous isoproterenol infusion, we observed no desensitization of the hemodynamic response to epinephrine. There was a reduction in receptor density when expressed per membrane protein I155.3 f 19.5 (controls) versus 73.2 f 3.8 fmol/mg protein (agonist exposed), p c 0.051, but no alteration in receptor density when expressed per g cardiac wet weight 1258.8 2 39.9 (controls) versus 406.8 + 74.0 fmol/g wet weight (agonist exposed)].
have demonstrated alteration of p-adrenergic-mediated responses after chronic agonist exposure. Decreased responsiveness, known as desensitization, may result from alteration in several components of the hormone-responsive adenylate cyclase system. These include down-regulation or a decrease in adrenergic receptor numbers, a shift in the ratio of affinity states of the receptor, altered coupling of the receptor and G protein, altered expression of G proteins, altered adenylyl cyclase activity, or alterations of intracellular systems distal to the second messenger (2) (3) (4) (5) . In vitro and in vivo studies in adult models have used both pharmacologic agents and physiologic stimuli to demonstrate alteration at each of these levels.
In developing animals, studies on desensitization have been less confirmatory. Investigators from several laboratories have noted little or no apparent desensitization or alteration in receptor numbers after agonist administration or physiologic elevations of endogenous catecholamines (6) (7) (8) (9) (10) . Previous in vivo data from our laboratory have shown that there is no change in Preceptor density of lamb myocardial cells or alteration in adenylyl cyclase activity after exposure to the logarithmic increases in catecholamines at birth (9) or in response to severe chronic intrauterine stress (10) . In newborn rats. there is no alteration in receptor numbers, density affinity, or response to 0-agonists after sustained increases in sympathetic nerve activity (6) . It is possible that this absence of "homologous" or agonist-induced receptor regulation may be unique to certain phases of development.
We therefore designed experiments to determine the effect of long-term exogenous P-agonist exposure in developing animals on BAR responsiveness. We evaluated P-agonist-mediated physiologic responses before and after prolonged agonist exposure, changes in myocardial receptor density, alterations in G proteinmediated receptor-cyclase coupling, and adenylyl cyclase activity.
MATERIALS AND METHODS
We studied 1 1 Barbados lambs at 25 f 3 d of age. Five animals were used for the study and six animals were the controls. Animals had femoral arterial and venous catheters placed under ketamine anesthesia and local 2% lidocaine infiltration. The catheters were then tunneled s.c. and exteriorized into a flank pouch. The lambs were allowed a 2-to 3-d recovery period, during which time they received i.v. oxacillin (100 mg/kg) and gentamicin (2 mg/kg) twice a day. The animals were housed with their mothers and allowed to feed ad libitum. They were also acclimated to the laboratory staff and environment.
Epinephrine dose-response curves. Baseline epinephrine doseresponse curves were obtained before prolonged agonist infusion as previously described from this laboratory (1 1, 12 ). All animals were awake, unanesthetized, and calm in a restraining sling. Before sampling, the animals were allowed 30-60 min for heart RECEPTOR REGULATI ( I N IN NEWBORN SHEEP   463 rate and blood pressure to stabilize. Baseline blood pressure, heart rate, plasma epinephrine, and glucose levels were obtained. When the dose-response curve was concluded, the animal was started on a continuous i.v. infusion of IS0 at 2 pg/kg/min. This dose was chosen from previous studies as effective in inducing short-term down-regulation of BAR in adults (13) . We used an Auto Syringe Model AS30C Ambulatory Infusion Pump (Baxter Laboratories, Morton Grove, IL), which was stored in the flank pouch. Animals were moved to the laboratory daily and placed in the restraint sling. The reservoir was changed daily, during which time a biophysical profile was done to confirm a pharmacologic response (increased heart rate and blood pressure) to the ISO. After 60 h, the infusion was discontinued and the animals allowed a 2-to 3-h resting period. They were then taken to the laboratory, and the epinephrine dose-response curve was repeated.
To maximize differences in agonist-exposed and control animals, the control animals underwent identical surgical procedures and recovery. The controls were not, however, infused with epinephrine or ISO.
Analytical techniques. One mL of blood taken at each sampling was transferred immediately to chilled test tubes containing 4 mM EGTA and reduced 3 mM glutathione. The tubes were mixed and centrifuged immediately at 4°C and the plasma was separated and stored at -70°C for later assay. Plasma epinephrine levels were determined by radio enzymatic assay sensitive to 10-20 pg/mL (14). Plasma glucose levels were measured by a YSI model 23A glucose analyzer (Yellow Springs Instrument Co., Yellow Springs, OH).
Postmortem studies. After completion of all infusion protocols, animals were killed by pentobarbital overdose. The heart was removed rapidly via a midline thoracotomy incision. The ventricular tissue was harvested, weighed, and processed for the BAR assay as previously described (9, 15) . Briefly, the ventricles were washed in ice-cold buffer and homogenized using a Tekmar (Cincinnati, OH) tissuemizer at high speed for 60 s. The homogenate was centrifuged at 3000 x g for 10 min. The supernatant was decanted, saved, and centrifuged at 40 000 x g for 20 min at 4°C. The resulting pellet was resuspended and recentrifuged at 40 000 x g for 20 min. The final pellet was resuspended to a final concentration of 1-2 mg protein/mL with a Teflon glass homogenizer. The homogenate was separated into 2-mL aliquot~, quick frozen with dry ice and ethanol, and stored at -70°C until assay. Protein concentration of the membrane suspensions was determined by the method of Lowry (1 6).
Direct binding studies. Direct binding studies for BAR were performed on the partially purified membranes as previously reported from this laboratory (9, 15) . Membrane fractions, incubation buffer, and graded concentrations of tritiated dihydroalprenolol (sp act 50-55 Ci/mmol) ranging from 1 to 10 nM with or without d,l-propranolol (1 pmol) were incubated for 20 min at 30°C. Bound and free material were separated by rapid filtration using Whatman GF/C glass filters. The filters were then dried and counted in toluene liquifluor. Nonspecific binding was defined as the amount of [3H]DHA bound in the presence of propranolol.
The state of BAR for agonist binding was assessed by incubating membrane fractions with graded IS0 concentrations to M) and [3H]DHA (5 nM) for 20 min at 30°C. The material was rapidly filtered and counted as described above.
Adenylyl cyclase activity. Adenylyl cyclase activity was determined in the partially purified myocardial membrane preparations from control and study animals. Before assay, the membrane preparation was resuspended in an incubation buffer and 80-120 pg of the resuspended membrane preparation were incubated in the presence of GTP with phosphocreatinine (12 mM), creatinine phosphokinase (30 pg/tube), ATP (1 mM), and with IS0 concentrations ranging from to M. The GTP concentration chosen was based on preliminary experiments demonstrating maximal agonist-mediated adenylyl cyclase activity (9) . G,-dependent adenylyl cyclase activity was determined in the presence of sodium fluoride (10 mM). Total cyclase activity was determined in the presence of forskolin (0.1 mM).
After incubation at 30°C for 20 min, the tubes were immersed in ice and then boiled for 3 min. The incubates were centrifuged at 1000 x g for 20 min and the cAMP in the supernatant was determined by RIA using a commercially available kit (New England Nuclear-DuPont, Boston, MA). This assay has a withinassay variation of 4.3%, a between-assay variation of 9.8%, and a sensitivity of approximately 0.2 pmol/mL. Cross-reactivity with a variety of other nucleotides is less than 0.02%.
Besides adenylyl cyclase, we used the presence of oubaininhibitable sodium-potassium ATPase activity as an additional membrane-associated enzyme activity. The membrane-associated sodium-potassium ATPase activity is represented by total activity minus that inhibited by oubain. The membrane preparations were resuspended in buffer (0.25 M sucrose, 1.25 mM EGTA, 10 mM Tris) and incubated as previously described (17) . Phosphate was determined using a modification of the method of Fiske and Subbarow (18). Protein content was determined by the method of Lowry (1 6).
Data analysis. Individual dose-response curves (relating heart rate or blood pressure to plasma epinephrine concentration) were analyzed before and after each 60-h IS0 infusion. A computerized graphic analysis using a nonlinear, least squares regression method was used to compare the hemodynamic response and the plasma epinephrine levels. It has been demonstrated that there is no change in physiologic response until a "threshold" plasma catecholamine concentration is reached (1 1, 19). Beyond the threshold, a linear increase in the response for logarithmic increase in the plasma epinephrine concentration was assumed. The minimal epinephrine level above which there are discernible physiologic responses is the threshold. Parameters derived from the dose-response curves pre-and post-IS0 infusion were compared using the paired t test. BAR characteristics were determined by Scatchard analysis using a computer program that determines maximum binding capacity and the dissociation constant (LIGAND, 20). Agonist binding data were analyzed using LIGAND to determine the percentage of receptors in the high-affinity state (Rh/Rh+Rl, where Rh represents the number of receptors in the high-affinity state and R1 represents the number of receptors in the lowaffinity state). Receptor density and cAMP activity were normalized to protein concentration in the membrane preparation. Recovery of membrane protein from the cardiac wet weight was determined for both control and agonist-exposed animals. Receptor density and cAMP activity were then normalized to cardiac wet weight. Receptor number, the percentage in the high-affinity state, and adenylyl cyclase activity were compared using unpaired t test. All data are expressed as mean f SEM except for catecholamines, which are presented as geometric mean f SEM.
RESULTS
All ISO-infused animals underwent epinephrine dose-response studies both before and after the IS0 infusions. During the IS0 infusions, there were significant hemodynamic responses. Baseline heart rate and systolic blood pressure (182 & 1 1.1 bpm and 101 f 6.4 mm Hg, respectively) increased to 232 f 12.4 bpm and 134 & 8.7 mm Hg during the IS0 infusion ( p < 0.02). Figure 1 shows the dose-response curves for epinephrine administration versus systolic blood pressure for a representative animal before and after the 60-h IS0 infusion. As can be seen, the dose-response curves are virtually identical. All animals displayed good agreement between the anticipated log-linear threshold model and the actual data. it was from these curves that the thresholds for blood pressure and heart rate are calculated. For an increase in systolic blood pressure, the mean threshold was 27 -1 6 pmol/L of epinephrine before IS0 infusion and 14 + 8 pmol/L after IS0 infusion ( p = 0.3). The slope was 173 + 29 pre-and 122 + 19 mm Hg/(pmol.L) postinfusion ( p = 0.3). For mean blood pressure, the results were similar. The heart rate response was variable. Some animals displayed an increase in heart rate, whereas others exhibited a reflex bradycardia at the higher epinephrine doses. The threshold and slope for all hemodynamic parameters were not statistically different pre-and post-IS0 infusion, thus indicating a lack of desensitization.
An increase in circulating blood glucose concentration is a predictable metabolic response to epinephrine infusion. These responses are mediated in part by direct adrenergic mechanisms.
In Figure 2 , the blood glucose responses to epinephrine infusion before and after the IS0 infusion are shown for one of the animals. As can be seen, there was a prompt and sustained increase in blood glucose concentration in the animals before IS0 infusion. However, after 60 h IS0 infusion, there was no increase in blood glucose concentration during epinephrine infusion. These results are representative of responses in each of the animals studied. In contrast to hemodynamic responses, which were unaltered, blood glucose responses were obtunded or abolished by prolonged IS0 infusion. Table 1 . Before IS0 infusion, 68 + 5% of cardiac P-receptors were in the high-affinity state. This did not change after 60 h of IS0 infusion (55 f 5 %; p = 0.09).
The adenylyl cyclase activity before and after 60 h of IS0 infusion is illustrated in panels A and B of Figure 5 . As can be seen in panel A, the control group had a significant increase from baseline adenylyl cyclase activity with the addition of GTP. When IS0 was added, there was a 4-fold increase in adenylyl cyclase activity. Incubation in the presence of NaF and forskolin resulted in further increases in adenylyl cyclase activity. This indicates an intact receptor-cyclase system. In the study group, the basal activity was the same as the control. However, there was no increase in adenylyl cyclase activity with the addition of GTP, and only a modest increase with the addition of IS0 or NaF. There was an increase in total cyclase activity (forskolin), but not as pronounced as in the control group. Overall, there was a significant reduction in adenylyl cyclase activity in the study group when compared with the control group if expressed per mg protein. When the adenylyl cyclase activity is expressed per g cardiac wet weight (as seen in panel B), the p-agonistmediated (ISO), NaF-mediated and forskolin-mediated increases above baseline all remained significant, again indicating an intact receptor-cyclase system. There were, however, no differences between control and ISO-infused animals, except for NaF ( p = 0.02). Figure 6 demonstrates the phosphate production with and without ouabain, and the membrane-associated sodium-potassium ATPase activity expressed as pmol phosphate/(mg protein. h). There is ouabain-inhibitable activity in both groups, although less in the postinfusion group. If expressed per g cardiac wet weight, these differences are no longer apparent. DISCUSSION We undertook the present studies to determine whether regulation of adrenergic receptor responsiveness, number, or function was fundamentally different in newborn animals than in adult animals. We evaluated responsiveness to adrenergic receptor stimulation by comparison of dose-response data to infused epinephrine before and after prolonged IS0 infusion. Myocardial BAR density and function were compared in ISO-infused and control animals, as well as functional status of the receptoradenylyl cyclase system.
We observed no significant alteration in hemodynamic responses to infused epinephrine after 60 h of continuous infusion of ISO. There was no change in epinephrine threshold for blood pressure and no change in the maximum blood pressure at comparable doses. Furthermore, there was no change in the slope of the dose-response curve relating plasma epinephrine level to observed response. This is in marked contrast to results in adult animals and humans, where agonist exposure significantly obtunds hemodynamic responses (6, (21) (22) (23) (24) .
When adrenergic receptor density was expressed per mg of membrane protein, there was a reduction in receptor density of 53%. However, if expressed per mg of cardiac wet weight, there was no apparent reduction in receptor density. Adenylyl cyclase is a membrane-bound enzyme coupled to several hormonereceptor systems, including BAR (4, 5). There was a reduction in p-agonist-mediated adenylyl cyclase activity and G,-dependent adenylyl cyclase activity, but these reductions were proportional to the alteration in membrane protein. As was true for receptor density, if expressed per g tissue wet weight, there was no reduction in adenylyl cyclase activity or in the other membrane marker, sodium-potassium ATPase activity. Our results may be explained by alteration in the distribution of cardiac protein between membrane and contractile elements. The observed increase in protein recovery may reflect an increase in sarcolemmal elements and a reduction in contractile elements. Therefore, if there has been a change in protein distribution, density of a primarily membrane-associated marker may or may not reflect actual alteration in expression or function of that moiety. We believe that this accounts in part for the remarkable absence of desensitization.
The majority of studies of receptor regulation have been conducted in adult animals or humans exposed to pharmacologic doses of exogenous agonists (1) (2) (3) 25) . In contrast, studies relying on physiologically induced changes in endogenous catecholamines yield different results. There is no change in BAR density, but there is a reduction in cAMP generation and a change in the proportion of receptors in the high-affinity, G,-coupled state, from 85 to 60% (26). In adult animals and humans, in the majority of tissues and systems evaluated, BAR in the native state exist predominantly in the high-affinity state with respect to agonist binding and adenylyl cyclase activation (1, 3) . A rapid conformational change to the low-affinity state probably represents an important short-term mechanism for attenuation of catecholamine responsiveness. This contrasts with our data, which demonstrate a lower initial proportion of high-affinity receptors and no significant alteration in agonist affinity state despite prolonged pharmacologic doses of ISO. Our data are consistent with the interpretation that receptor phosphorylation may not be expressed in developing animals at the ages studied by ourselves and others (6) (7) (8) (9) (10) .
Studies of receptor regulation in young or newborn animals suggest that classical, agonist-mediated alteration in receptor density and function may be different in developing animals. In newborn rats, IS0 administration is not accompanied by altered myocardial P-receptor density or sensitivity until after 3-4 wk of life, when development of the cardiac sympathetic axis is complete (6). In mature rats, identical treatment results in adrenergic subsensitivity and reduced receptor density (6) . We previously evaluated receptor density in two sheep models associated with increased levels of circulating catecholamines. In the first model, we evaluated the effect of the 5-to 10-fold increases in endogenous catecholamines at birth on the cardiac adrenergic receptor system. Despite logarithmic increases in both norepinephrine and epinephrine more than 6 h after birth, there was no alteration in receptor density or the receptor-cyclase system (9) . In a subsequent study, we subjected immature fetal sheep to single umbilical artery ligation, a form of chronic intrauterine stress (27). Despite severe growth retardation, there was only subtle alteration in cardiac performance at birth and no alteration in receptor density, receptor cyclase coupling, proportion of highaffinity sites or cAMP formation (10) . Furthermore, other investigators have shown that in human newborns, there was no significant relation between the degree of increase in circulating plasma catecholamine levels at birth and receptor density or ISOinduced cAMP formation on circulating mononuclear lymphocytes (7) .
Recently, the effect of prolonged (3 d) ritodrine administration on p-receptor-mediated response in fetal sheep has been evaluated (28). Metabolic responses, including epinephrine-induced increases in glucose, FFA, lactate, and glucagon, were indeed obtunded. However, hemodynamic responses were only marginally affected. Direct investigations of receptor number and function were not camed out. In neither the former nor present study were glycogen or adipose tissue stores evaluated. Taken together with our hemodynamic data, we believe that depletion of substrate stores rather than alteration in receptor density and responsiveness accounts for the metabolic observations in both studies.
In summary, we evaluated adrenergic receptor responsiveness, receptor density, and multiple components of the receptor-cyclase system in newborn sheep before and after prolonged IS0 infusion. There was no desensitization of the hemodynamic responses to infused epinephrine. Myocardial receptor density was reduced when expressed on the basis of membrane protein, but total receptor number, represented as density per g-cardiac wet weight, was not reduced. Agonist-mediated cAMP generation was similarly reduced when expressed per membrane protein, but not per g cardiac wet weight. We speculate that receptor regulation is fundamentally different in developing animals.
Evaluation of the precise nature of the regulatory alterations should lead to important insights into receptor regulation. 
Announcement

NIH Treatment Study for Sydenham's Chorea
Acutely ill patients with Sydenham's chorea are being sought for a controlled treatment study. Eligible patients will receive free diagnostic evaluation and treatment, including palliative medications, at the Child Psychiatry Branch of the National Institute of Mental Health in Bethesda, MD. The treatment study is an outgrowth of our long-term investigations of the sequelae of Sydenham's chorea. To participate, children should be at least 6 years old and acutely ill. There will be no expense to the patient (all treatment, travel, and lodging will be free of cost) and no remuneration. To refer a patient, contact Dr. Susan Swedo at (30 1) 496-608 1, Building 10, Room 6N240, 9000 Rockville Pike, Bethesda, MD 20892, FAX (301) 402-0296.
